Summary
A new concept coupling sample preparation (using thin-layer chromatography) with effect-directed analysis (TLC-EDA) is proposed and demonstrated, using the planar-YES (a variation of the yeast estrogen screen, YES) as example. The concept allows performing on one single TLC layer all steps including sample preparation, sample separation and the detection of bio-effective substances and also offers a potential link to high-end chemical analytics. Estrogen standards were separated by TLC, distinguished and detected by a biological test system. Dose-response curves were produced for 17βestradiol (E2) and 17α-ethinylestradiol (EE2). In a field trial, bioactive compounds were extracted from a recirculating fish culture and from a wastewater treatment plant and tested. Low concentrations of a substance likely to be E2 were found in both samples. The level of detection for E2 and EE2 at the current stage of development was 0.5 pg per band (5 mm × 1 mm). The time demand for incubation, compared to the standard YES procedure of 1996, was reduced from >20 hours to 5 hours. If the level of detection can be lowered a little more, by less than one order of magnitude, a rapid screening of native aqueous samples on estrogenic activity is realistic. This will open a wide range of different fields of application.
Introduction
Water samples taken from rivers may contain large numbers of trace contaminants. A recent study by the Swiss Federal Institute of Aquatic Science and Technology [1] showed, that in addition to 318 known micropollutants, an average water sample from the river Rhine near Basel contained 2000 to 3000 unidentified chemical compounds. About 5% of these unknown substances had a concentration higher than 10 ng L -1 .
A large proportion of the inhabitants in the lower Rhine catchment consume drinking water obtained from river surface water [2] . For 17α-ethinylestradiol, an artificial estrogen used in contraceptives, an annual average of 0.037 ng L -1 has been proposed as the threshold value for chronic exposure [3] , which is at least two orders of magnitude below the instrumental detection limits reported for LC-MS [4] .
It may be possible to monitor a defined set of micropollutants with high-end analytical equipment in the future. However, the low concentrations and the vast number of chemicals on the market make regular monitoring a Mission Impossible. Here effect-directed analysis (EDA) is an option for the detection of harmful substances in environmental or food samples. EDA focuses on the biological effects of substances, irrespective of their chemical structure.
Estrogenic activity, as one example, has been found for numerous artificial and naturally occurring substances [5, 6] such as herbicides (e.g., atrazine), plasticizers (e.g., bisphenole-A), flame retardants (e.g., polybrominated biphenyl) or preservatives (e.g., parabens).
A well-established effect-directed in-vitro reporter assay for estrogenic activity is the Yeast Estrogen Screen (YES) [7] . However, the standard YES, as it has been in use since the late 1990s has shortcomings: a) its time demand -up to 4-5 days from sampling to result, if sample extraction is also taken into account -is prohibitive for rapid screening purposes; b) its results, expressed in 17β-estradiol equivalents (EEQ), do not allow to easily assign the activity to specific substances.
In this article, we propose a new concept coupling sample preparation (using thin-layer chromatography) with effect-directed analysis (TLC-EDA). The concept allows performing on a single TLC layer all steps including sample preparation, sample separation and the detection of bio-effective substances (bioautography), and also offers a potential link to high-end chemical analytics ( Figure 1 ). It offers a much faster option for the assessment of unknown water samples on biological effects as the currently existing procedures. It also provides a direct interface for further analysis of suspicious substances.
We used estrogenic activity as the model for this concept and transferred the YES to the TLC setting (inspired by Müller et al. [8] ). We also introduced a new step that shortens the necessary incubation time considerably (inspired by the LYES of Schultis & Metzger [9] ). Our aim was to show that our YES variation (working title "planar-YES"): a) can detect estrogenic activity in water samples in a significantly shorter time period than conventional assays, with a similar or even higher sensitivity; b) allows to reliably distinguish different substances with estrogenic activity in environmental samples; c) has the potential to process directly native environmental samples without prior extraction.
Experimental
All the chemicals, unless stated otherwise, were purchased from Sigma-Aldrich (Switzerland). The ingredients used for media preparation were used in the quality as described for the original YES [7] .
TLC
For the stationary phase, silica gel HPTLC plates, 10 × 10 cm, or 10 × 20 cm, layer thickness 200 μm (Merck, Germany) were used. The plates were pre-cleaned with 2-propanol (at least 1 h) and activated at 110°C for 30 min [8] . Activated plates were wrapped in aluminum foil and stored in a dry place.
The solutions of 17β-estradiol (E2, ≥98.0%), 17α-ethinylestradiol (EE2, ≥98.0%), and estrone (E1, ≥99.0%) were prepared in absolute ethanol (≥99.8%). The stock solutions were produced at concentrations of 1.,1 g L -1 . The hormone test solutions ranged from 0.5 μg L -1 to 6.5 μg L -1 . Ethanol (≥99.8%, Fluka) was used as a negative control. The same solutions were used over a period of several weeks.
The solutions and samples were applied bands (size: 5 mm × 1 mm) on the HPTLC plates, using an ATS4 sampling application device (CAMAG, Switzerland) and the software visionCATS (CAMAG, Switzerland). The solutions were applied 1.5 cm from the bottom edge. The applied sample volume ranged from 1 μL to 5 μL. Ethanol was used as rinsing solvent and nitrogen as spraying gas. Before developing the HPTLC plates, they were vacuum-dried three times for 15 s.
The plates were developed to a distance of 7.5 cm using an ADC 2 automatic developing chamber (CAMAG, Switzerland) and the software visionCATS (CAMAG, Switzerland). As mobile phase, a solvent mixture containing components according to Cimpoiu et al. [10] was used: chloroform (purum, ≥99.5%, Fluka), acetone (puriss. P.a., ≥99.5%, Fluka), petroleum fraction (bp 65-100°C) (55:20:25, v/v). After development, the plates were dried for 2 min using the ADC 2.
Planar-YES-Assay

Preparation of 24-h Culture
Twenty-four hours before the yeast application onto the HPTLC plate, a cell culture was prepared. The recombinant Saccharomyces cerevisiae cells were provided by Prof. John Sumpter (Brunel University, Uxbridge, UK). The growth medium (= M1) was prepared as described for the original YES [7] . According to Müller et al. [8] , the M1 was inoculated with 0.125 mL of the 10-fold concentrated stock yeast (stored at -20°C). It was incubated at 30°C for 24 h on an orbital shaker (150 rpm), resulting in a 24-h culture (= CC1).
Preparation of Test Culture
In order to perform the planar-YES, a test medium (= M2) was now prepared and inoculated from CC1, in order to create a test culture (= CC2). M2 consisted of minimal medium (= M3), vitamin-, glucose-, L-aspartic acid-, L-threonine-and copper (II) sulphate solutions. These solutions were prepared and mixed according to the original YES [7] . Inspired by [8] , Gelrite ® was added to M3 (0.5g L -1 , autoclaved) to increase the viscosity of the cell suspension. In contrast to Routledge and Sumpter [7] , MUG (4-methylumbelliferyl β-D-galactopyranoside, ≥99%) was used as a molecular endpoint for quantification due to its higher sensitivity [8] .
For preparation of the CC2, 3 mL of MUG stock solution (50 g L -1 in ethanol, ≥99.8%) and 200 mL of M2 were mixed with 100 mL of the 24-h culture CC1 (absorbance at 620 nm at least 1.5).
Immersion and Incubation
The HPTLC plate was dipped into the test culture (CC2) using an automated immersion device (CAMAG, Switzerland) at a speed of 2 for 3 cm/s. After cleaning the rear side with a paper towel, the HPTLC plate was laid horizontally into a plastic box (15 × 15 cm, pre-cleaned with ethanol, 80.0%). The box was closed with a lid and placed into a temperature-controlled water bath (4 h, 30°C, humidity >98%) for incubation step 1.
After incubation step 1, the plate was removed from the plastic box and placed into a spraying cabinet (CAMAG, Switzerland). A solution was sprayed onto the HPTLC plate until the plate was moist (20 pushes of the nozzle), with the aim to shorten the test procedure. This solution contained either Lyticase (>20%, 1300 kU) dissolved in lacZ buffer ("LYT-LACZ") or lacZ buffer only ("LACZ"). After spraying, the HPTLC plate was replaced into the plastic box and incubated again (1 h, 37°C, incubation step 2).
"LACZ" was prepared by dissolving 8.52 g Na 2 HPO 4 (0.06 M), 0.75 g KCl (0.01 M), 0.25 g MgSO 4 × 7H 2 O (0.01 M) in 950-mL HPLC-grade water (J.T. Baker). After a pH adjustment with H 2 SO 4 (25%) on 7.0, the buffer was autoclaved. Afterward, 1 g sodium dodecyl sulfate (SDS, ≥98.5%) was added and the buffer filled to 1 L with HPLC-grade water. For "LYT-LACZ," stock solutions of lyticase from Arthrobacter luteus (≥2000 m/mg protein) were prepared in HPLC-grade water (3325 m mL -1 ). "LYT-LACZ" solution was prepared by adding 600 μL stock solution of lyticase from Arthrobacter luteus and 30 μL 2-mercaptoethanol (≥99.0%, Fluka) to 12 mL lacZ buffer.
Detection
After incubation step 2, the fluorescence of the plate was documented with an excitation wavelength of λ ex = 366 nm and digital photography using Reprostar (CAMAG, Switzerland). The photos were taken using exposure times of 250 ms and 500 ms and a gain of 1. They were analyzed with the software Videoscan (CAMAG, Switzerland). Peak height, peak area (both measured in fluorescence units [AU]), and R F values were detected.
To verify that no autohydrolysis of the molecular endpoint MUG was taking place on the HPTLC plates, plates without applied hormones were dipped into the test culture, and plates with applied hormones were dipped into the test medium (no yeast cells) containing MUG solution once.
Dose-Response Curve
Dose-response curves were produced for the hormones 17βestradiol (E2) and 17α-ethinylestradiol (EE2). The applied mass of estrogens ranged from 0.5 pg to 25.0 pg per band (size 5 mm × 1 mm), the applied volumes ranged from 1 to 5 μL. The lower values were chosen with the aim of exploring the lower limit of the test procedure. Ethanol (≥99.8%) was used as a negative control. "LACZ" was sprayed on the plate before incubation step 2. To have comparable conditions on the HPTLC plates used for the dose-response curve and on plates used for detection of endocrine active samples, all plates were developed as described in Chapter 2.1. To ensure the quality of the dose-response curve, regression coefficients were calculated using Microsoft Excel 2010.
Proof of Concept
A system suitability test (SST) concerning the chromatographic retention was carried out in order to verify that the chromatography was successful. For the SST, hormone stock solutions at concentrations of 55 mg L -1 were prepared for E1, E2, and EE2 in absolute ethanol (≥99.8%), as was a mix containing all three hormones (55 mg L -1 of each). The solutions were applied onto the plate as described in Chapter 2.1. The applied sample volume was 5 μL, corresponding to a mass of 275 ng per band for E1, E2 and EE2, respectively, 875 ng per band for the mix. Ethanol (≥99.8%) was used as a negative control in the SST.
The spots on the developed SST plate were detected by derivatization. The plate was immersed twice into a solution containing 10% aqueous sulphuric acid (Fluka) and methanol (puriss. p.a., ≥99.8%) in the ratio 95:5. The plate was then kept in the oven at 95°C for 30-40 min until the estrogens were derivatized and visible. The SST plate was observed in a CAMAG UV light chamber at 254 nm and 365 nm.
For the proof-of-concept of the planar-YES test procedure, E2 (11.0 pg per band), EE2 (11.0 pg per band), E1 (11.0 pg per band), and a mix of these three hormones (11.0 pg of each) were applied onto the HPTLC plates. The plates were developed, immersed, incubated, and detected as described in Chapters 2.1 and 2.2. "LYT-LACZ" was sprayed on the plate before incubation step 2. Ethanol (≥99.8%) was used as a negative control.
Numerous replicates were made according to this scheme. For eight replicates, the detected R F values were compared. For each substance (E2, EE2, and E1), the arithmetic mean (x -), and the standard deviation (σ) of its R F values were calculated. The equality of the means of the R F values of the single substances (SS) and the substances in the mix (MIX) were tested with the ttest (independent two sample, equal variances) of Microsoft Excel 2010.
Field Trial
The aim of the field trial was to prove that estrogenic activity in environmental samples can be detected with the planar-YES test procedure. Three different water types were tested: (i) HPLCgrade water ("P") as procedural control; (ii) water from a recirculating fish culture ("F", Tilapia sp., outflow of a drum filter); (iii) treated domestic wastewater from a wastewater treatment plant serving a small community of 2'200 p.e. ("W", outflow of the secondary settling tank).
All water samples were pre-filtered through 1-μm glass fiber filters (Whatman GF/F). For each type of pre-filtered water, 1 L was subjected to solid phase extraction (SPE) directly, and 1 L was spiked with 100 μL E2 (50 μg/L) and 100 μL EE2 (50 μg/L) standard solutions before SPE. The target concentration in prefiltered sample was 5 ng L -1 of E2 and EE2, respectively.
The SPE cartridges (200 mg LiChrolut EN, Merck) were conditioned with 3 mL of dichloromethane, 3 mL of methanol, and 3 mL of HPLC-grade water. Water samples were then pulled through the cartridges under slight vacuum (about 1 h/L). Cartridges were dried for 1 h under N 2 flow, wrapped in aluminum foil and stored at minus 18°C over night. After elution with acetone (≥99.8%), the extracts were evaporated under N 2 flow, redissolved in 1 mL of ethanol (≥99.8%), portioned, and stored at -18°C in silanized amber vials (Supelco 27072-U). The weight of the samples was recorded at each step of the procedure, and concentration factors were calculated based on these records. The concentration factors were aimed to be close to 1000. Thus, a maximum of 5 μg L -1 of E2 and EE2, respectively, could be expected in the SPE extracts of the spiked samples. Applying a volume of 2 μL, this corresponds to a maximum of 10 pg per band of E2 and EE2, respectively.
On the HPTLC plate, extracts of the unspiked samples were applied undiluted. The extracts of spiked samples were diluted 1:5 and 1:15 (in ethanol, ≥99.8%). E2 was used as the standard (2.0 μg L -1 and 5.0 μg L -1 ) and ethanol (≥99.8%) as the negative control. Of the samples, standards and negative control 2 μL each were applied on the plates. "LYT-LACZ" was sprayed on the HPTLC plates before second incubation.
The standard solutions used for spiking and the SPE extracts of the three spiked samples were analyzed on their E2 and EE2 concentrations using LC-DAD-MS adapted from ref. [11] .
To assess the specificity of the fluorescent bands, they were compared with the R F values of the standards. For E2, the standards on the plates of the field trial were used, for EE2, the standards on the "proof-of-concept" plates. The equalities of the means were tested with the t-test (independent two sample, equal variances) of Microsoft Excel.
Results and Discussion
Dose-Response Curve
For both E2 and EE2, increasing estrogen mass visually corresponded to increasing diameter and increasing intensity of the fluorescent spots ( Figure 2 ). Weak background fluorescence was visible on all plates. The shape of all fluorescent spots was round and the edges were blurry. This does not correspond to the usually sharp cut bands that result if (much higher concentrated) estrogen bands are made visible, e.g., by sulphuric acid reagent after chromatographic development on HPTLC plates (see Figure 4a) .
Within the range of the experiment, the relationship between the mass of the hormones (pg, log scale) and the peak area (areal units, linear scale) can be described by a linear regression with a significant correlation (R 2 E2 = 0.9647, R 2 EE2 = 0.8115, Figure 3 ). Furthermore a significant correlation between peak area and peak height was observed (R 2 E2 = 0.9864, R 2 EE2 = 0.9722). Our findings confirm the results of Müller et al. [8] . They observed "blue fluorescent zones at the positions where E2 had been applied bandwise." Using peak areas measured with a TLC scanner, they plotted a "sigmoidal, nearly full dose-response curve" and interpreted the size of the estrogenic zones as "a consequence of diffusion of the test compound on the humid HPTLC plate during incubation."
Our lowest detected estrogen mass was 0.5 pg per band, compared to 2.75 pg per band by Müller et al. [8] . The incubation time was shortened from 29 h [8] to 5 h. Even though our fluorescent spots look more uniform than those of [8] , their shape and blurriness show that further investigations on causes and possible measures against diffusion during incubation are needed.
Proof of Concept
The system suitability test (SST) showed that E1, E2, and EE2 are reliably separated using the TLC procedure (Figure 4a) . The derivatized estrogens can be found in sharp cut bands, and the bands of the estrogen mix correspond to the bands of the single substances.
The fluorescent spots after the planar-YES test procedure show that E1, E2, and EE2 are separated and detected (Figure 4b) . The locations of the spots of the estrogen mix (MIX) correspond to the spots of the single substances (SS) (p ≥ 0.05, Table 1 ). Therefore, it can be assumed that between the hormones of the mix, no interaction influencing the R F values has been taking place. However, all spots are blurred, bigger than the actual bands, and their edges are rounded. The background fluorescence is conspicuous.
Interestingly, the spot of E1 fluoresces much weaker than the spots of E2 and EE2, even though 11 pg per band were applied for all estrogens. According to the literature, E1 has a lower affinity to receptor-binding tests than E2 or EE2 [12, 13] . 
Field Trial
Estrogenic activity in the two environmental samples "F" and "W" was successfully detected with the planar-YES test procedure. Weakly fluorescing spots, close to the level of detection, were visible on the tracks of both non-spiked fish farm water (Figure 6b , track F) and non-spiked wastewater (Figure 6c c, tracks S). The comparison of the estrogenic activity in "F" and "W" with the two E2 tracks (Figures 6a-c , tracks S) shows that it was much lower than 4 pg EEQ per band, which corresponds to <2 μg EEQ L -1 in the SPE extracts, or <2 ng EEQ L -1 in the original sample. No spots were detectable on the track of nonspiked HPLC-grade water (Figure 6a , track P, procedural control), as expected.
In all extracts of the spiked water samples (Figures 6a-c , tracks PH, FH, WH), both E2 and EE2 could be retrieved. The means of the R F values of the standards (S) and the retrieved hormones (R) in all three tested water types showed no statistically significant difference (t-test: p SE2-RE2 = 0.751; p SEE2-REE2 = 0.881) (Figure 5) . Thus, the detected spots can be allocated to E2 and EE2, as expected.
However, all three "spiked" extracts, including the procedural control, had to be diluted in order to achieve reasonably sized spots. This indicates that probably an error had occurred in the spiking process. LC-DAD-MS measurements confirmed that E2 and EE2 concentrations in the "spiked" extracts were 48 to 72 times higher than the expected 5 μg L -1 . Therefore, no quantification via reverse calculation was done.
Conclusion
We were able to show that our YES variation (planar-YES) can be completed within 5 h of incubation and thus is much less time demanding than the original standard YES procedure (72 h) [7] , current versions of the YES (about 20 h) or the first TLC-YES variation of 2004 (29 h) [8] . The lowest detected amount of E2 (0.5 pg) was 5.5 times lower than the lowest amount measured by Müller et al. [8] , but comparable with the lowest amount detected by the original YES (0.53 pg E2) [7] . We are sure that a further reduction of the incubation time down to 2.5-3 h is pos- sible and that the level of detection can still be lowered by at least one order of magnitude, e.g., by using a more sensitive molecular endpoint.
Two different standard estrogens (E2 and EE2) were detected that had previously been added to environmental water samples before SPE extraction. Separation of more estrogens is possible with TLC (see Figure 4a ). By using known R F values, it is possible, to a certain extent, to assign spots to substances. However, it would be more attractive to couple the bioassay with an additional analytical step, e.g., using TLC-MS.
Detecting estrogenic activity in native environmental samples is a challenge for all existing bioassays, due to the very low concentrations found there, and due to the matrix effects that will occur. Oellig and Schwack [14, 15] used high-throughput planar solid phase extraction (HTpSPE) with area application of samples, in order to extract pesticide residues from a food matrix and focus them in a sharp zone. This strategy also seems to be applicable in the case of estrogenic activity: For E2, 0.4 ng L -1 has been proposed as the maximum annual average concentration for chronic exposure (AA-EQS) [3] . If the level of detection can be lowered to <0.1 pg per band, which we believe is possible, a volume of <250 μL of such a solution would have to be area applied in order to directly process a native environmental sample.
In our view, thinking along the lines of the TLC-EDA concept will open new doors toward linking ecotoxicological effects with chemical analysis and may be useful in numerous different areas of application. Regarding the planar-YES test procedure, these main challenges will be handled in the next time: 1) spatial resolution must be optimized, to achieve narrower, less blurred spots; 2) a robust procedure for quantification needs to be developed; 3) the link to further analytical steps (e.g., TLC-MS) needs to be tested and established; 4) technical details (e.g., replacing chloroform as mobile phase with a substitute) need to be adapted. We are confident that these issues can be solved and that further systematic development of this new YES variation will lead to a widely applicable tool.
